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Introduction
The implementation of a profitable and sustainable lignocellulose-based biorefinery relies on the optimal valorisation of all biomass components.
1 Lignin, a major component (15-40%) of lignocellulosic biomass, has been identified as a key resource to access aromatic chemicals.
1d,1e,2
However, the efficient depolymerisation of this aromatic biopolymer to monomers has proved troublesome. 1d,2a,3 In the last few years, many research groups have shown elegant approaches to address this challenge, 1d,3,4 however very few methods have displayed satisfactory yields and general applicability. We and others have recently highlighted the importance of stabilizing reactive intermediates formed during the acid catalysed depolymerisation of lignin, for example using HOTf, metal triflates and other acids.
5
In particular, the capture of the released aldehydes as acetals was successful in providing good yields of phenolic monomers from both model compounds and lignin. 5a,5b,5d,5g,5h Such phenolic acetals have recently been shown to allow access to lignin based epoxy resins with high glass transition temperatures, highlighting their potential utility as renewable aromatic building blocks. 6 Scheme 1 Acid catalysed depolymerisation of lignin with and without ethylene glycol trapping. The major aromatic products obtained from the acidolysis of lignin by triflic acid or metal triflate salts in the presence of ethylene glycol are C2-1,3-dioxolane phenolics (P1-P3) originating from the p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) subunits of lignin, respectively (Scheme 1). 5a,5b,5d In this contribution, we investigate the mild depolymerization of a wide variety of lignins via this method and focus specifically on establishing correlations between the structures of the lignins used and the yields of aromatic monomers obtained. We demonstrate, that especially high yields of P1-P3 can be obtained with lignins rich in high β-aryl ether linkages. Aromatic dimers have also been identified and a preliminary structural investigation of the residual material left after the depolymerisation is presented.
Results and discussion

Isolation and characterization of lignins
In order to test our lignin depolymerisation methodology and study structure-reactivity relationships a small library of different lignins L1-L27 were utilized. These contained "inhouse lignins isolated from different lignocellulose sources using different organosolv extraction procedures L1-L18 (Table  1) (L12: reflux, no acid; L13-L17: reflux, 0.2 M HCl). L18 was obtained by extraction of oak wood with a mixture of formic acid, acetic acid and water followed by a mild base hydrolysis (104 °C, formic acid/acetic acid/water 3 : 5 : 2 then 0.5 M NaOH, 6 wt%). As can be seen, the yield was highly dependent on the solvent, procedure and biomass source used ranging from 1 to 32 wt% based on the initial amount of lignocellulosic material used (Table 1 ). In particular, as we previously reported, lignins obtained by n-butanol extraction can be isolated in excellent yields. 8 Additionally, several lignins were obtained from external sources. These are lignin that are already produced in current biorefinery setups of different scales and stages of development, but typically focus on optimal yield and purity of the carbohydrate fractions. Kraft), L25 Alkali Kraft Aldrich, L26 soda P1000 and L27 lignosulfonic acid sodium salt Aldrich). All these lignins were analysed by GPC to determine their molecular weight distribution and characterized using 2D-NMR to determine their structure in terms of H : G : S ratio and the quantities of major linkages (Tables 1 and S3 , Fig. 1a and S24-42). Overall, the most remarkable difference between the "inhouse" produced organosolv and the technical/industrial lignins was the overall β-aryl ether content ranging from 13 to 62 linkages per 100 C 9 units for the former and from 2 to 13 for the latter, as determined by 2D-HSQC NMR analysis (Table  S3) . 4f,11 One thing of note here is that, with the exception of the n-butanol extraction procedure, all organosolv processes used to produce our "in-house" lignins gave relatively low yields. Additionally, in all cases when alcoholic solvents were used in the extractions -etherified β-O-4 linkages were observed, being particularly abundant under acidic conditions. 
Fe(OTf) 3 catalysed depolymerisation of beech ethanosolv (L19) at varying reaction conditions
Recently, we established a very efficient procedure for the production of a single set of phenolic C2-acetals from lignin using HOTf 5a,5b and metal triflates 5d,5h via cleaving the lignin β-O-4 linkages. 8 As we have previously shown that Fe(OTf) 3 gave the highest monomer yields 5d and is easily handled compared to triflic acid we decided to use it in this study. 13 Initially, using technical beech ethanosolv lignin (L19), which was available to us in good quantities, we studied the effect of the catalyst concentration, reaction time and temperature on the yield of P2 and P3 (Fig. 2) . The results showed the minimum amount of catalyst required for an efficient depolymerisation reaction lies between 2,5 and 5 wt% (Fig. 2a) . Above 5 wt% a small decrease in yield of P2-3 was observed likely due to instability of the products formed. A similar apparent instability was also observed with increasing reaction time, with maximum yields obtained after 15 minutes (Fig 2b) . By increasing the reaction temperature a small increase in P2-3 yield was observed which dropped drastically at a temperature higher than 160 °C (Fig. 2c ). In these experiments only P2 and P3 and no P1 are observed as
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Please do not adjust margins products. This relates to the composition of lignin L19, which contains only G and S units. According to HSQC NMR analysis these are present in a 32 to 68 ratio respectively, a slightly higher than expected molar ratio of P2 and P3 (41 : 59 respectively) indicating relatively favourable formation of P2 compared to P3 from L19. The deviation between the G:S ratio and P2:P3 ratio could be partly explained by a non-equal distribution of β-aryl ether linkages and the predominance of S-S - units (syringaresinol) compared to G-G or S-G variants in hardwood lignins. 14 In time and with the increase of reaction temperature the ratio P2 to P3 slowly increased (from 42:58 to 40:60 and from 43:57 to 39:61 respectively) indicating that P3 although formed in lesser amount seems more stable than P2. Overall, this lignin gave relatively low monomer yields, which was later shown to be the result of the low amount of β-aryl ether linkages (vide infra). The residual material was analysed by GPC and was surprisingly shown to be of slightly higher molecular weight when compared to the starting lignin and showed very limited variation between the different reaction conditions (Figures S26 and S27) . For the purpose of this study we settled on conditions of 10 wt% Fe(OTf) 3 , at 140 o C for 15 minutes for all further reactions to balance out reactivity with product stability. 3 catalysed depolymerisation of 50 mg L19 in 1,4-dioxane and 30 wt% ethylene glycol at a) varying catalyst concentrations using 140 °C, for 30 min., b) varying reaction time using 10 wt% Fe(OTf) 3 , 140 °C and c) varying temperature using 10 wt% Fe(OTf) 3 , for 30 min.
Fe(OTf) 3 catalysed depolymerisation of lignins L1-27
General depolymerisation procedure. 50 mg of the different lignins L1-27 were depolymerized using catalytic Fe(OTf) 3 in 1,4-dioxane containing ethylene glycol (Scheme 2). After the reaction acetal products were extracted from the crude dried material allowing for the quantification of P1-P3 by GC-FID and detection and quantification of other products by GC-MS (Table S4, Fig. S80 ). GPC-data revealed that indeed the lowmolecular weight material is extracted and high molecular weight material is found in the residue (Fig. S45-S70 ). When the GPC graphs of the crude mixtures were compared to the graphs of the starting lignins in most cases overall lowering of the molecular weight is observed indicating depolymerisation. Nevertheless, in some cases higher molecular weight material is also formed indicating that not all condensation to higher molecular weight material is suppressed.
Scheme 2 Fe(OTf) 3 catalysed depolymerisation of different lignins in the presence of ethylene glycol. 
Please do not adjust margins Please do not adjust margins
Yields of main monomeric products P1-3. Fig. 3 shows the yields of P1-3, which were found as the main monomeric products obtained from the depolymerisation of L1-27. The relative quantities of P1-3 were found to be generally in agreement with the original S/G/H ratios in the parent lignins ( Fig. S72 ) with some small deviations. As shown in Fig. 4 , the measured G/S ratio determined by NMR correlates nearly 1:1 to the molar ratio of the P2/P3 products. As observed before for the optimisation of the conditions with L18 (vide supra) monomer P3 is slightly under-represented, relative to P2, in nearly all cases. L12 is an outlier regarding the correlation between the G/S ratio in its structure and the P2/P3 ratio in the products, which is probably the result of the proportion of H units found in this lignin (33%). Fig. 4 Correlation between the G to S ratio determined by 2D HSQC and molar yield ratio between P2 and P3 as determined by GC-FID analysis of the low molecular weight fraction.
Overall, good product yields were observed from organosolv lignins L1-L18 using this depolymerisation methodology (Fig. 3) . Between most of the organosolv lignins L1-L18 relatively small differences in yield were observed, with only methanosolv walnut lignin L4 providing an exceptional 35.5 ±6.7 wt% combined yield of P1-P3. This lignin was prepared through low temperature extraction and contains the highest amount of β-O-4 linkages. Moreover, nearly 90% of these β-aryl ether linkages are etherified (Table S3) , showing that this does not hamper P1-P3 yields. Somewhat lower yields (6.7 to 17.6 wt%) of P1-P3 were obtained from pine and Douglas fir wood (L5, L6, L8, L11, L13 and L14) while the product yields from the remaining organosolv lignins (excluding L4) ranged from 11.3 to 22.3 wt%. Interestingly, pine and Douglas fir lignins provided almost exclusively P2, which correlates perfectly with the nearly exclusive G content in the parent lignins. All the yields of L1-L18 were significantly higher compared to any of the technical lignins L19-L27, which provided yields only up to 5.6 wt%.
P1-3 yield correlation to structural characteristic of the parent lignins. When the organosolv lignins are compared to the technical lignins the main striking difference lies within the structure. While the technical lignins have low overall β-aryl ether content, as determined by semi-quantitative analysis of the 2D-HSQC NMR spectra (up to 13 per 100 aromatic C 9 unit, Table S3 ), the organosolv lignins show a more native-like structure with higher β-aryl ether content. A general trend can be observed between the P1-P3 acetal yield and the total amount of β-aryl ethers (Fig. 5a , using the sum of β-O-4OH and β-O-4OR as both were previously shown to be hydrolysed by acid 7 ). A good correlation is seen in the 0-25 β-aryl ether content per 100 aromatic C 9 -units range as well as for lignins (L1, L2 L3 and L4) obtained from the same source with methanol as extraction solvent (walnut, Fig. 5b ). This correlations provides that the expected total yield of P1-P3 corresponds roughly to 0.4-0.5 times the β-aryl ether content (per 100 C 9 units) of the parent lignin. The total yield of P1-P3 from lignin extracted using the same extraction methodology yielded a less clear trend due to these lignins having a reasonably similar β-aryl ether content (Fig.  5c ). Further lignins in the 25-60 β-aryl ether content per 100 aromatic C 9 -units range (Fig. 5a) do not share the same, for the other lignins seemingly linear correlation between the β-aryl ether content and the yields for P1-P3. The comparison between the yields of P1-P3 with other lignin characteristics such as molecular weight and other linkages did not show any clear trends (Fig. S73-79) . These results indicate that other unidentified factors apart from solely the β-aryl ether content play a role. This could be related to the different plant sources and factors specific to the extraction methods. For example, one outlier (L11) gave significantly lower yields than expected given its β-aryl ether content. This lignin was obtained through an n-butanol pretreatment process and the lower yield of monomers in this case when comparing to, for example, softwood dioxasolv lignins L13-14, can, at least in part, be explained by significant incorporation of butyl ethers into the starting lignin structure which is not corrected for by the wt% calculations. Also, the occurrence of other linkages (e.g. 5-5, β-5. β-β, etc) which are not cleaved by the methodology used here 5b , were not taken into account in this research. Due to selectivity for the applied methodology for the cleavage of β-aryl ether linkages, P1-P3 are only released when a C 9 -unit in the lignin structure is flanked by two such linkages (or is present as a phenolic end group).
4f This leads to fragments containing other linkages becoming short oligomers with endgroups that are formed from the cleavage of a β-aryl ether linkage. With the current methodology, these end groups would be a phenol and a C2-acetal that correlates to products P1-P3. To test this hypothesis, the residue after extraction was analysed by 2D-NMR clearly revealing such end-groups ( Fig. 1c  and 1d) . Similarly, Hibbert-ketone end-groups were recently observed following acidolysis. Other low-molecular weight products. Apart from products P1-3 the GCMS traces (representative GCMS in Fig. S80 ) showed additional minor low molecular weight products of which several could be identified based on earlier studies (Fig. 6 , Table S4 , P4-9). These are ethylene glycol ketal products resulting from the reaction of released Hibbert-ketones 7 , corresponding to side-products from the β-aryl ether cleavage via different pathways, and ethylene glycol. 5b,16 These Hibbertketones are formed via a cleavage pathway that, unlike the formation of P1-3, does not involve the loss of formaldehyde and which was previously established to be a minor pathway when Fe(OTf) 3 was used for β-aryl ether cleavage.
5d
These products product were quantified using calculated response factors (Table S4) . 17 They were observed in relatively small amounts (up to 2.6 wt%) and typically in 1-20% compared to the yield of parent major compounds P1-3 demonstrating that these are indeed likely side-products from β-aryl ether cleavage via a minor cleavage pathway.
5b,16
Dimeric side-products. With the help of products obtained from model compounds studies performed and reported on previously, P10 and P11 were also identified (Fig 6.) .
5b,5d
Stilbene P10 originates from β-5 linkages in the original lignin which has undergone ring-opening and loss of formaldehyde, while the acetal and phenol flanking groups are likely the results of the cleavage of flanking β-aryl ether linkages. This product was especially observed in relatively high amounts (up to 2.5 wt%) in Grich lignins, which contain a significant amount of β-5 units such as L5, L6, L8, L12, L13, L14 and L21. Additionally, P10 could be identified in trace quantities in product mixtures obtained from L4, L16 and L18. The two main diastereomeric forms of P11 results from the epimerization of a β-β linkage (for the original stereochemistry of the β-β motif see Fig. 1 ). 5b,5d Due to its stability and GC retention time (well separated from other products) it is easily detected and could be found in all product mixtures obtained from S-containing lignins, even in those with relatively low β-β content. It was particularly abundant in mixtures obtained from L1, L2, L3, L7, L9, L10, L17 and L18 (up to 5.7 wt%, which were all relatively high in S and β-β linkages. These findings demonstrate a good correlation between the dimeric products identified and the original lignin structure as determined by 2D-HSQC NMR spectroscopy. Please do not adjust margins
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Conclusions
This study demonstrates the applicability and limitations of a mild lignin depolymerization method that uses acidolysis in combination with stabilization of reactive intermediates with ethylene glycol to produce phenolic acetal products P1-P3. Organosolv lignins that have been extracted using mild procedures provided the highest yields and are most suitable for the production of P1-P3. This correlates directly to the observed high β-aryl ether content in such lignins. The β-aryl ether content drops significantly as harsher extraction conditions are employed. This observation confirms that very likely only β-aryl ethers are cleaved under these depolymerisation conditions. A maximum yield of 35.5 ±6.7 wt% P1-P3 was obtained from a lignin obtained via a mild methanosolv extraction of walnut shells (L4). This is one of the highest yields yet obtained for such a small selection of products, especially from isolated lignins. Noteworthy, is also the fact that 16.5 wt% of only P2 could be obtained when pinewood dioxasolv lignin was used (L13). However, these lignins were only obtained in relatively low yields from their respective lignocellulose sources. Butanosolv lignins on the other hand can be obtained in much higher yields and still provide high yields of P1-P3. As observed previously, 8 a high content of etherified β-O-4 linkages did not hamper the yields of P1-P3, compared to other organosolv lignins. In addition to the very close correlation between the ratio P1 : P2 : P3 to the H : G : S ratios found in the lignin substrates, the observed minor depolymerisation products also correlated well to the corresponding lignin structures. Overall, this study shows that a direct relationship exists between the structure of the lignin used and the product yields obtained. This highlights the importance of carefully selecting the lignocellulose source as well as adjusting lignin extraction procedures in order to obtain starting materials ideal for efficient depolymerization. , pine methanosolv (methanosolv procedure 1, batch 1 and 2, L5-6) 5b , ethanosolv (walnut and douglas fir, L7-8) 7 , butansolv (walnut, beech and douglas fir, L9-11) 7 and walnut dioxasolv lignin (dioxasolv procedure 1, L12) 5a , were previously described. For extraction yields, see Table 1 .
Experimental
Dioxasolv lignins by procedure 2 (birch, oak, barley straw, pine, L13-17). The biomass is suspend in a solution of dioxane/water (9 : 1) containing 0.2 M HCl at a consistency of 8-10 mL per g of biomass. The mixture is then gently refluxed for 1 hour under N 2 atmosphere, cooled and filtered. The solid pulp is washed with a small portion of dioxane/water (9 : 1) or acetone/water (9 : 1). The filtrate is then concentrated in vacuo to give a gummy residue which is dissolved in acetone/water (9 : 1, 1 volume) and added to rapidly stirring water (10 volumes) to precipitate the lignin which is recovered by filtration. The crude lignin is then either allowed to air dry or is dried over CaCl 2 under vacuum overnight. The crude lignin is then dissolved in acetone/methanol (9 : 1, 1 volume) and added slowly to rapidly stirring Et 2 O (10 volumes) to precipitate the lignin which is collected by filtration and air dried. For extraction yields, see Table 1 . Methanosolv lignin procedure 2 (walnut, L4). Ground walnut shell (30 g, 16/30 mesh) is placed in a an Ace pressure tube (about 185 mL) and methanol/water (95 : 5, 120 mL) containing 0.2 M HCl is added. The tube is then sealed and the bottom half is placed in an oil bath set at 90 °C creating a gentle reflux in the tube. The mixture is heated for 6 hours, cooled and filtered. The solid residue is washed with additional methanol/water (95 : 5, about 120 mL), concentrated in vacuo to approximately 20-30 mL and added to rapidly stirring water (300 mL). The precipitated lignin is collected by filtration and air dried. For extraction yields, see Table 1 . CIVM lignin (oak, L18). The biomass is heated at 104 °C in a mixture of formic acid/acetic acid/water (3 : 5 : 2) for 5 hours and then cooled, filtered and the solid washed with acetic acid/water (9 : 1). The filtrate is then concentrated in vacuo, taken up in acetic acid/water (1 volume) and added to rapidly stirring water (10 volumes) . The crude lignin is collected by filtration, washed with water and air-dried. The crude lignin is then dissolved in 0.5 M NaOH (15 mL/g), stirred for 2 hours at room temperature and then acidified with 1 M HCl (pH < 1). The precipitated lignin is collected by filtration, washed with water and air-dried. The lignin is then dissolved in acetone/methanol (9 : 1, 1 volume) and added slowly to rapidly stirring Et 2 O (10 volumes) to precipitate the lignin which is collected by filtration and air dried (overall yield 7 wt%). For extraction yields, see Table 1 . General depolymerisation procedure. Lignin (50 mg, L1-L27) was weighed out in a 20 mL microwave vial, equipped with a magnetic stirring bar. Internal standard (n-octadecane, 20 µL, 5 µmol, from an 0.25 M stock solution in 1,4-dioxane), ethylene glycol (15 µL, 33 wt%) and 900 µL 1,4-dioxane was added. The vial was sealed using a septum cap and the obtained solution was stirred and heated 140 °C. Iron(III)triflate was added by syringe through the septum from a 90 mg/mL stock solution in 1,4-dioxane (100 µL, 4.5 wt%). The reactions were stirred for 15 minutes after which the reaction was rapidly cooled on ice. The solutions were filtered over a plug of celite and the filtrate was concentrated under Please do not adjust margins
Please do not adjust margins high vacuum at 30 °C in an Univapo 150 ECH rotational vacuum concentrator. The remaining sticky solid was suspended in dichloromethane (vortexed and sonicated) after which 10 volume equivalents of toluene was added and again extensively mixed by vortex and sonication. The solution was centrifuged for 10 minutes at 13400 rpm using an Eppendorf minispin tabletop centrifuge and the liquid was separated from the solid by pipette. This extraction was repeater three times. The combined liquid was filtered over a plug of celite and concentrated under high vacuum at 30 °C in an Univapo 150 ECH rotational vacuum concentrator. The remaining oil was used for GC-FID analysis by dilution in DCM for quantification of acetal products P1-3 (Scheme S1) as well as GC-MS for identification. For the reaction for the optimization of varying reaction times and temperature for the depolymerisation of lignin L19, GPC measurements were performed on the reaction residue after the extractions (10 mg/ml solution in THF, see Figures S26-S27 ). For the depolymerisation reactions with different lignins, GPC analysis was performed on the mixture obtained after the reactions as well as the extracted and residual fractions (10 mg/ml solution in THF, Figures S28-S53 ). This analysis was not performed for lignin L6 and was not possible for the solids from the depolymerisation reactions of L25 and L27 due to insolubility in THF.
